Introduction
Chemotactic cell movement is critical for a number of processes including embryogenesis, hematopoesis, immune function, and cancer metastasis (Condeelis, 1993; Stossel, 1993) . A wide array of intercellular signaling molecules including cytokines, chemokines and extracellular matrix (ECM) proteins can serve as chemotactic agents (Aznavoorian et al., 1990; Lester and McCarthy, 1992; Schnaper and Kleinman, 1993) . For example, ECM proteins including collagens, laminin, fibronectin, and vitronectin, have been shown to influence transvascular homing of tumor cells (Aznavoorian et al., 1990; Stracke et al., 1994) . Recently, it was demonstrated that a soluble ECM protein, type IV collagen (CIV), which is highly prevalent within the basement lamina and intima underlining the endothelium, induced chemotaxis of a number of human melanoma cell lines in vitro by engaging a2b1 integrin (Aznavoorian et al., 1990; Boukerche et al., 2000; Pasco et al., 2000; Hodgson and Dong, 2001) .
CIV-mediated chemotaxis has been shown to involve a2b1 integrins (Hodgson and Dong, 2001) , however, the downstream signal transduction mechanism regulating cell migration remains undefined. Integrin ligation and clustering alter the cytoskeleton and initiates the assembly of a molecular platform upon which signaling molecules including src-kinases, GTPases, and various adapters are recruited to form focal adhesion complexes (Schwartz and Ingber, 1994; Schaller and Parsons, 1994; Schwartz et al., 1995; Meredith et al., 1996; Renshaw et al., 1996; Keely et al., 1998; Price et al., 1998; Giancotti and Ruoslahti, 1999; Parsons et al., 2000; Salazar and Rozengurt, 2001) . Furthermore, the engagement of a2b1 integrin by CIV has been shown to increase intracellular Ca 2+ (Savarese et al., 1992; Leavesley et al., 1993; Hodgson and Dong, 2001 ). In addition, A2058 cell migration in response to CIV was pertussis toxin (PT) sensitive, implicating the involvement of G-proteins (Aznavoorian et al., 1990) . Some signaling events immediately downstream of integrin receptors are Ras-ERK, which influences cell proliferation, and Rac/cdc42/Rho pathways, which regulate cell spreading, polarization, and stress fiber formation (Ridley and Hall, 1992; Chant and Stowers, 1995; Nobes and Hall, 1995; Denhardt, 1996; Zigmond, 1996; Machesky and Hall, 1997; Keely et al., 1997; Aspenstro¨m, 1999; Tapon and Hall, 1997) . Therefore, by influencing cytoskeleton organization and cell shape, signaling through integrin receptors is thought to be critical for cell motility (Price et al., 1998; Schaller and Parsons, 1994; Giancotti and Ruoslahti, 1999; Sarner et al., 2000) .
Many of these signal transduction events target transcriptional regulators such as NF-kB, AP-1 and C/EBPs, which in turn regulate genes that alter cellular activities (Perona et al., 1997; Van Aelst and D'Souza-Schorey, 1997; Karin, 1994; Minden et al., 1995) . Although the induction of various transcription factors in response to integrin ligation is well documented, the significance of these factors, especially with regard to chemotaxis, has not been demonstrated. Recently, NF-kB has been shown to be required for cell migration mediated by some ECM proteins. For example, NF-kB was necessary for the migration of a pancreatic cell line in response to vitronectin, as well as the chemotaxis of keratinocytes in response to insulin (Yebra et al., 1995; Benoliel et al., 1997) . Whether b1 integrindependent tumor cell migration requires the induction of transcription factors, including NF-kB, needs further elucidation.
In this report, we use an in vitro migration system based on a 48-well modified Boyden chemotaxis chamber to show a functional correlation between integrin signaling and melanoma cell migration. We demonstrate that GTPases Ras and Rac, as well as various downstream intermediates participate in regulating cell migration. More importantly, we show that NF-kB activation is required for cell migration associated with b1 integrin-initiated signaling in human melanoma cells.
Results

Ras and Rac GTPase participate in collagen-dependent cell migration
Ligation of integrin receptors leads to recruitment of GTPase, such as Ras, Rho, Rac, and cdc42, forming a signaling complex, which potentially influences cell migration to chemoattractants. To test whether specific GTPases are critical during a2b1-mediated migration, A2058 cells were transiently transfected with expression constructs encoding dominant negative and constitutively active mutants of Ras and Rac, and assayed for their ability to migrate in response to CIV using a modified Boyden chamber. Addition of CIV to the lower chamber results in 4000-6000 cells/well migrating to the backside of the filter compared to only 100-200 cells/well migrating in the absence of CIV (Harvath et al., 1980; Aznavoorian et al., 1990; Stracke et al., 1994; Hodgson and Dong, 2001 ). Expression of mutant GTPases was confirmed by immunoblot ( Figure 1a ) and transfection efficiency, which was greater than 55%, was monitored by GFP (see the Materials and methods section). As shown in Figure 1b , cell migration was reduced by approximately 45% when dominant negative Ras and Rac were expressed in A2058 cells. Since inhibiting these pathways did not completely attenuate cell migration, other pathways appeared to be operative. Furthermore, signaling through Ras and Rac is not sufficient for enhancing chemotaxis as shown by cells transfected with constitutively active mutants, RasV12 and RacV14. Dominant negative Rho and cdc42 did not show any significant effect on cell migration to CIV (data not shown). These findings suggest a critical role for Ras and Rac GTPases in CIV-stimulated cell migration.
PKC and PI-3K mediate cell migration in response to collagen
Since a potential role for PI-3K in mediating signaling between Ras and Rac has been previously suggested (Kjller and Hall, 1999) , we examined whether this pathway was participating in CIV-stimulated cell migration by using inhibitors LY294002 and Wortmannin. A2058 cells were treated with various concentrations of inhibitors and assayed for cell migration. LY294002 attenuated cell migration compared to the untreated control by 65% at the highest dose tested (50 mm; Figure 2a) . Similarly, Wortmannin reduced cell migration to 20% of the untreated control (500 nm; Figure 2a ). These results indicate PI-3K signaling is Figure 1 Ras and Rac GTPases are involved in A2058 cell migration to CIV. (a) Immunoblots confirming expression of mutant GTPases in A2058 cells. Cells were transfected with 25 mg of indicated expression constructs for mutant GTPases and recombinant protein was detected by staining with anti-HA antibody. We routinely observed that >55% of the cells were transfected. (b) A total of 25 mg of plasmids encoding constitutively active mutant GTPases (RasV12 and RacV14) and dominant negative expression constructs (RasN17 and RacN17) were transiently transfected into A2058 cells. Following transfection, cell migration in response to CIV was assessed with a 48-wellmodified Boyden chemotaxis chamber. Cells migrated to the lower side of the microporous filter at the completion of a 4 h migration assay were stained and counted under Â 10 magnification. Cell counts were normalized to the controls in which A2058 cells were transiently transfected with GFP and assayed for cell migration to CIV. The number of cells that migrated in the absence of CIV was considered the background and subtracted from all values. Pvalues are with respect to control GFP experiments. Each data point represents an average of three independent experiments7 s.e.m, in which 24 wells were sampled per experiment regulating integrin-mediated melanoma chemotaxis in response to CIV.
We also examined whether PKC activity was necessary for A2058 cell migration stimulated by CIV. Specific PKC inhibitors Go¨6976 and Go¨6983 were used to target PKC. Go¨6976 inhibited cell migration in a dose-dependent manner as shown in Figure 2b , with up to 90% inhibition at the highest dose (2.6 mm) tested. Furthermore, cell migration was inhibited by 85% when treated with 22.6 mm of Go¨6983, but was not adversely affected by lower concentrations of this inhibitor (Figure 2c ). Together, these results suggest a potential role for PKC in cell migration to CIV stimulation.
Collagen stimulation induces NF-kB activity
Multiple signaling pathways including those involving PKC, JNK, and Rac1 culminate at NF-kB (Karin, 1994; Minden et al., 1995; Perona et al., 1997; Van Aelst and D'Souza-Schorey, 1997) . Therefore, we were interested in determining the role of NF-kB in CIV-dependent migration. Initial experiments addressed whether CIV treatment induced NF-kB activity. NF-kB activation requires the release of p65 from IkB, which is targeted for proteosome-dependent degradation by IKK phosphorylation. As an early indicator of NF-kB activation, we monitored the levels of IkB by immunoblots following CIV treatment. Whole-cell lysates were prepared from cells harvested at various times following the CIV treatment. As seen in Figure 3 , the presence of IkB-a (37 kDa) decreased within 15 min, whereas no changes were observed in b-actin controls (44 kDa), indicating that degradation of cytoplasmic IkB-a and hence the release of p65 subunit of NF-kB is induced by CIV treatment. 
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Figure 2 PI-3K and PKC participate in A2058 cell migration in response to CIV. (a) P1-3K is involved in mediating cell migration to CIV. LY294002 ('LY') was applied to cells at 10 or 50 mm for 2 h prior to and during cell migration assays. Wortmannin ('WORT') pretreatment involved a 30 min treatment prior to cell migration assays at the concentration range of 50-500 nm. Wortmannin was not included during the cell migration assays since the inhibition is irreversible within the time frame of migration assays. P-values are with respect to untreated control migrating in response to CIV. (b) Specific inhibitor of PKC, Go¨6976, abrogates cell migration to CIV in a concentration-dependent manner. The inhibitor was applied to cells at the indicated concentrations 1 h prior to assays and was present during the 4 h migration assays. P-values are with respect to untreated controls migrating in response to CIV. (c) Specific inhibitor of PKC, Go¨6983, significantly abrogates cell migration to CIV. The inhibitor was applied to cells at the specified concentrations 1 h prior to and during cell migration assays. P-values are with respect to untreated control. Each data point represents an average of three independent experiments7s.e.m., in which 24 wells were sampled per experiment
In order to determine if CIV treatment of A2058 cells triggered nuclear translocation of NF-kB, electrophoretic mobility shift assays (EMSA) were performed. Using an oligonucleotide probe representing a canonical NF-kB binding site, a weak specific complex was observed in untreated melanoma cells ( Figure 4a ; lane 1). The intensity of this complex significantly increased in extracts prepared from CIV-treated A2058 cells ( Figure 4a ; lane 2). The specificity of these complexes was demonstrated by diminished binding in the presence of a cold competitor (Figure 4a ; lanes 5 and 6), while the irrelevant competitor did not affect the binding (Figure 4a ; lanes 9 and 10). Furthermore, the complex was supershifted by polyclonal sera against p50 and p65 ( Figure 4b ; lanes 1-4) but not control serum, which recognized C/EBPb (Figure 4b ; lanes 5 and 6). Treating cells with NF-kB inhibitor Helenalin (10 mm), which specifically and irreversibly alkylates the p65 subunit of NF-kB thus disrupting its binding activity (Lyss et al., 1997 (Lyss et al., , 1998 , attenuated NF-kB induction following CIV treatment ( Figure 4a ; lanes 3, 7, and 11). Decreased binding was also observed with a second inhibitor of NF-kB activation, SN-50 (50 mg/ml; Figure 4a ; lanes 4, 8, and 12).
Ras N17-or Rac N17-transfected cells (FACS sorted based on EGFP coexpression; >98% positive population) were compromised in their ability to induce NF-kB binding activity in response to CIV (Figure 4c ; lanes 4, 9, and 14: Ras N17 transfected; lanes 5, 10, and 15: Rac N17 transfected). Since these intermediates are early events in signaling cascades initiated by integrin activation, it is likely that other mechanisms may feed into this particular pathway. More importantly, the PKC inhibitor Go¨6976 (0.26 mM; effective dose to inhibit cell migration in Figure 2b ) prevented activation of NF-kB in response to CIV (Figure 4c ; lanes 3, 8, and 13), thereby placing this signaling intermediate directly upstream of NF-kB activation in response to b1 integrin signals.
To ascertain that the signals emanating from b1 integrin are responsible for induction of NF-kB binding activity, we used blocking antibody specific for b1 integrin. Treatment with this antibody (25 mg/ml) significantly decreased CIV-dependent induction of NF-kB ( Figure 4d ; lanes 3, 6, and 9). These results indicate that one of the consequences of CIV stimulation of melanoma cells is the induction of NF-kB binding activity.
Cell migration to collagen induces transcriptional activation by NF-kB
The cell migration assay was employed to evaluate whether NF-kB activity was induced during CIVdependent A2058 cell migration. A luciferase reporter construct containing tandem NF-kB binding sites adjacent to a minimal promoter was transiently transfected into A2058 cells prior to their use in the migration assay system. At the end of the 4 h migration period, cells tightly associated with the microporous filter were collected and assayed for luciferase activity. Melanoma cells exposed to CIV (Figure 5a ; +CIV) consistently had 190% greater luciferase activity compared to cells assayed in the absence of CIV (Figure 5a ; ÀCIV) or untreated cells harvested prior to the migration assay ( Figure 5a ; Pre-mig). As a control for the specificity of transactivation mediated by NF-kB during cell migration, an AP-1-luciferase reporter construct was transiently transfected into A2058 cells and assayed for luciferase activity following the 4 h cell migration assay. A negligible difference in luciferase activity with this promoter was observed regardless of exposure to CIV (Figure 5a ). These results further indicate that cell migration to CIV activates NF-kB.
Melanoma cells assayed for migration in a chemotaxis chamber can be separated into two distinct groups: (1) those that migrated to the lower side of the filter in response to a chemotactic agent and (2) those that remain on the upper side of the filter even in the presence of a chemoattractant. We took advantage of this system to assess NF-kB activity in cells that successfully transversed the filter, thus obtaining a more accurate measurement of NF-kB activity in correlation with cell chemotaxis and migration to CIV. A2058 cells transiently transfected with NF-kB luciferase reporter were used in migration assay, and the migrated fraction, represented by cells scraped from the lower side of the microporous filter, were separated from cells that remained in the upper chamber after the 4 h migration assay. Since very few cells were recovered from the filter (B10 4 cells/filter), it was difficult to detect significant luciferase activity; therefore, we used RT-PCR to detect luciferase mRNA. Cells that were not exposed to CIV or those that remained on the upper side of the filter following CIV exposure expressed modest levels of luciferase mRNA (Figure 5b ; lanes 3 and 4), whereas cells that migrated to the lower side of the filter expressed significantly greater levels of luciferase mRNA (Figure 5b ; lane 5). These data corroborate results from our luciferase assays and demonstrate that CIV-stimulated cell migration induces NF-kB activity.
NF-kB is required for cell migration to type IV collagen
The above experiments demonstrate that NF-kB is activated in response to CIV-dependent A2058 cell migration, but do not address whether NF-kB activity is Figure 3 IkB-a is degraded in a time-dependent manner following CIV stimulation. Whole-cell lysates were prepared at indicated times following treatment with 100 mg/ml CIV treatment and IkB-a was detected by imunoblot as described in the Materials and methods section. b-actin(44 kDa) is shown as the loading control Melanoma migration to collagen IV requires NF-jB activity L Hodgson et al required. In order to determine whether the activation of NF-kB was critical to cell migration in response to CIV, A2058 cells were treated with NF-kB inhibitors Helenalin and SN-50 and assessed for migration. Helenalin, a plant-derived sesquiterpene lactone, specifically and irreversibly alkylates p65 subunit of NF-kB to block DNA binding (Lyss et al., 1997 (Lyss et al., , 1998 . SN-50 is a synthetic peptide that prevents the translocation of activated NF-kB complex to the nucleus . Helenalin application resulted in a dose-dependent attenuation of cell migration to CIV, with 80% inhibition of cell migration at the highest concentration tested (10 mm; Figure 6 ). Cell migration in response to CIV was attenuated by 50% when SN-50 was applied at 50 mg/ml, whereas no effect was observed with the negative control compound SN-50 M (Figure 6 ). 5, and 9 ), or cells treated with 100 mg/ml CIV (2, 6 and 10), CIV with 10 mm NF-kB inhibitor Helenalin (lanes 3, 7 and 11), and CIV with 50 mg/ml NF-kB inhibitor 8, and 12) . Controls included EMSA reactions with 50-fold excess cold NFkB competitor (lanes 5-8) or nonspecific competitor (lanes 9-12). (b) Nuclear extracts were prepared from untreated cells (lanes 1, 3 and 5), or cells treated with 100 mg/ml CIV (lanes 2, 4, and 6). Polyclonal antibodies (0.5 mg/ml) against the p50 (lanes 1 and 2) or p65 subunits (lanes 3 and 4) of NF-kB were included in the EMSA reactions. Supershifted complexes are indicated by the arrow. Negative controls were reactions that included 0.5 mg/ml polyclonal antibodies against C/EBPb (lanes 5 and 6). Arrows indicate specific NF-kB complex shifts. (c) EMSA demonstrating GTPase mutants inhibit NF-kB. Nuclear extracts were prepared from untreated cells (lanes 1, 6, and 11), or cells treated with 100 mg/ml CIV (lanes 2, 7, 12), CIV with 0.26 mm PKC inhibitor Go¨6976 (lanes 3, 8, and 13), RasN17-transfected cells (positively selected for GFP expression; lanes 4, 9, and 14), and positively selected Rac N17-transfected cells (lanes 5, 10 and 15). To confirm specificity of the binding activity, EMSAs were performed in the presence of 50-fold excess cold-NF-kB (lanes 6-10) or nonspecific competitors (lanes 11-15). Arrow indicates the position of specific NF-kB complex shifts. (d) Nuclear extracts were prepared from untreated cells (lanes 1, 4, and 7), or cells treated with 100 mg/ml CIV (lanes 2, 5 and 8), and CIV with 25 mg/ml monoclonal blocking antibody against b1 integrin (lanes 3, 6 and 9). Controls included EMSA reactions with 50-fold excess cold NF-kB competitor (lanes 4-6) or nonspecific competitor (lanes 7-9). These data represent at least three independent experiments
Treating other human melanoma cell lines including C8161, WM9, and WM115, with the NF-kB inhibitors resulted in a similar reduction in cell migration in response to CIV (data not shown). These results demonstrate that induction of NF-kB is required for melanoma cells to migrate in response to a chemotactic stimulation by CIV.
Collagen induces b1 integrin expression
Since transcriptional regulation by NF-kB is required for melanoma migration in response to a2b1 integrin signals, changes in b1 integrin expression levels may play a critical role in regulating CIV-mediated chemotaxis. We monitored b1 integrin transcription by using RT-PCR. Control A2058 cells (in absence of CIV) did not show appreciable b1 integrin mRNA ( Figure 7 ; lane 1), whereas CIV treatment (100 mg/ml; 4 h) induced a significant increase in b1 integrin mRNA ( Figure 7 ; lane 2). These results were also corroborated using FACS analysis, which showed approximately 10% increase in b1 integrin receptor expression after 4 h of CIV treatment (data not shown). These findings suggest that b1 integrin is one gene that is targeted by signaling cascades initiated by CIV, and implicates this molecule in being directly involved in regulating CIV-induced cell migration.
Discussion
We report a novel requirement for NF-kB activity in human melanoma cell migration to CIV mediated by a2b1 integrin. We showed that signaling initiated by CIV requires Ras and Rac GTPases and utilizes PI-3K and PKC as intermediate messengers for cell chemotaxis. CIV-stimulated cell migration also causes timedependent degradation of IkB-a to result in the induction of NF-kB transcriptional activation. We identified PKC pathway as a potential mechanism for this activation. More importantly, the induction of activated NF-kB is required for cell chemotaxis to CIV in this experimental system. Since we have shown previously, by using blocking antibodies, that CIVmediated cell migration acts through a2b1 integrin (Hodgson and Dong, 2001) , we conclude that these signaling events emanate from b1 integrin-ligation. Finally, we demonstrate that one consequence of CIV stimulation is increased b1 integrin expression, which potentially will make cells more responsive to CIVmediated chemotaxis. Expression of dominant negative mutant GTPases Ras and Rac caused a partial attenuation of cell migration in response to CIV. However, constitutively active variants of Ras and Rac did not affect cell migration when overexpressed. Taken together, these results indicate that Ras and Rac are necessary for efficient melanoma cell migration, but not sufficient for this activity. It has been shown that Ras activates Rac through PI-3 K (Kjller and Hall, 1999) . Although we present evidence suggesting the involvement of GTPases Ras and Rac in CIV-mediated cell migration, we did not directly address the cooperative effects of these GTPases in mediating the cell response. Cells transiently cotransfected with combinations of dominant negative and constitutively active Ras and Rac mutants do not rescue the effects of dominant negative GTPase (data not shown). Furthermore, cell migration to CIV is not further attenuated when dominant negatives of both Ras and Rac are cotransfected simultaneously (data not shown). These observations appear to rule out a linear pathway in which Ras and Rac operate, but suggest other potential signaling pathways being operative, such as PI-3K, which are also implicated by our data as being important in regulating melanoma migration. Certain limitations associated with using mutant GTPases as tools to address cellular functions such as in the case of cell motility should also be considered (Feig, 1999) .
Using a combination of specific inhibitors, we were able to show that PKC is important in the cell migration 
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Figure 6 NF-kB activity is necessary for A2058 cell migration to CIV. Inhibitors Helenalin and SN-50 were applied to cells 1 h prior to and during migration assays at the indicated concentrations. Migration was assayed with 48-well modified Boyden chambers as described in the Materials and methods section. P-values are with respect to migration of untreated controls in response to CIV. Each data point represents an average of three independent experiments7s.e.m., in which 24 wells were sampled per experiment The results from our laboratory, as well as others, place PKC directly upstream of NF-kB activation (Anrather et al., 1999; Trushin et al., 1999; Khoshnan et al., 2000) . Furthermore, some isoforms of PKC are activated by PT sensitive G i protein in association with GTPases and, since A2058 cell migration and pseudopodial protrusions in response to CIV have been shown to depend on PT-sensitive G-proteins, it is possible that this pathway is utilized during b1 integrin-mediated cell migration (Aznavoorian et al., 1990; Paolucci et al., 2000) . Taken together, these results suggest that PKC is an important signaling component for b1 integrindependent chemotaxis and cell migration in A2058 melanoma cells. Signal transduction pathways initiated by integrin ligation ultimately target multiple transcription factors (Karin, 1994; Minden et al., 1995; Perona et al., 1997; Van Aelst and D'Souza-Schorey, 1997) . Our data demonstrates that NF-kB activation is one consequence of b1 integrin binding and signaling. The signaling intermediates that we have identified as being critical for melanoma migration have been demonstrated to be upstream of NF-kB in multiple cellular responses. In addition, we have confirmed an altered NF-kB activity in response to changes in the activity of these intermediates; for example, our EMSA results indicate that PKC is directly upstream of NF-kB activation by b1 integrin ligation, and PKC has been shown to activate IKK which phosphorylates IkB, targeting this protein for degradation, and releasing NF-kB (Anrather et al., 1999; Trushin et al., 1999; Khoshnan et al., 2000) . Furthermore, dominant negative Rac or Ras expression results in a modest reduction of CIV-induced NF-kB binding activity. PI-3K has also been shown to play a role in inducing NF-kB, by regulating Akt/PKB activity (Burow et al., 2000; Rong et al., 2002) , and our preliminary data suggest that PI-3K influences NF-kB activity as well as cell migration (data not shown). Therefore, NF-kB is a likely target of integrin-mediated signaling pathways.
Experiments in which NF-kB was inhibited using Helenalin, a plant-derived sesquiterpene lactone, resulted in a dose-dependent attenuation of cell migration in response to CIV. However, in addition to inhibiting NF-kB, Helenalin has also been shown to increase intracellular calcium ([Ca 2+ ] i ) through an IP 3 -mediated [Ca 2+ ] i release pathway (Powis et al., 1994) . Furthermore, we have demonstrated previously that elevated [Ca 2+ ] i can significantly attenuate melanoma migration in response to CIV, whereas cell migration to CIV was unaffected following [Ca 2+ ] i depletion using EGTA in combination with ionophores (Hodgson and Dong, 2001 ). Therefore, it is possible that results obtained with Helenalin, in part, reflect changes in [Ca 2+ ] i rather than inhibition of NF-kB. We do not feel that this is the case, since depleting [Ca 2+ ] i at the time of Helenalin treatment resulted in a similar inhibition of migration (data not shown). Although these observations do not rule out Ca 2+ as an important regulator of melanoma migration, they do support a model in which NF-kB is the primary target of integrin signaling. Our findings suggest a model for outside-in signaling through b1 integrin, which initially requires Ras and Rac GTPases, recruits activated PKC, and ultimately targets NF-kBmediated transactivation of genes that participate in an efficient cell migration. Furthermore, PI-3K may directly and/or indirectly influence this pathway, although its exact role in regulating cell migration through an NF-kB-dependent mechanism requires further study.
Although other groups have suggested that NF-kB is involved in the migration of pancreatic carcinoma or keratinocytes (Yebra et al., 1995; Benoliel et al., 1997) , these previous studies provide little insight into events responsible for NF-kB induction. More importantly, our data indicated a significant increase in transcription of b1 integrin mRNA following the CIV treatment. These results point toward regulation of b1 integrin expression as one possible mechanism that may affect cell motility in response to b1 integrin signals. Other potential genes regulated by NF-kB that could influence migration include actin-binding proteins, chemokines, and their receptors (Liotta et al., 1986; Lu and Kerbel, 1993) . Moreover, induction of NF-kB upon successful extravasation to secondary sites could provide cell survival and proliferative signals, in part, through ectopic expression of mitogenic/chemotactic factors and adhesion receptors, thus imparting an advantage for these tumor cells.
Materials and methods
Cell culture and preparation
A2058 human melanoma cells (passages 14-18) were maintained in Dulbecco's modified Eagle medium (DMEM) (Biofluids Inc., Rockville, MD, USA) supplemented with 10% fetal bovine serum (Biofluids Inc.). For migration assays, cells were detached and suspended when subconfluent by treating with 0.05% trypsin/2 mm EDTA in phosphatebuffered saline (PBS) and gently rocked for 1 h in culture media at 371C. Cells were resuspended in serum-free DMEM containing 0.1% w/v fraction V bovine serum albumin with 0.02 m HEPES (Sigma Chemical Co., St Louis, MO, USA), at 1.3 Â 10 6 cells/ml and gently rocked for an additional 1 h prior to migration assays.
Migration assay
Chemotaxis assays using 48-well microchemotaxis chambers were described previously (Harvath et al., 1980) . In brief, 10 mm pore size polycarbonate filters (Neuro Probe, Inc., Cabin John, MD, USA) were used. CIV (Becton Dickinson Labware, Bedford, MD, USA) was dispersed into media at a concentration of 100 mg/ml as the chemotactic solution (pH 7.4). The chemotactic solution was placed into the bottom wells of the chamber and the cell suspension was placed into the top wells, separated by a filter. The chamber assembly was placed into a 5% CO 2 /371C environment for 4 h. The filter was stained with the DiffQuik Staining Kit (Dade International Inc., Miami, FL, USA) and cells on the underside of the filter were visually counted using a bright field microscope. Negative controls included samples that lacked CIV in the lower chamber. These background (negative control) values were subtracted from all of the migration results with CIV to reflect ligand-specific cell migration. Cell viability was monitored and confirmed at the end of migration assays by dye exclusion (data not shown).
Pharmacological inhibitors and antibodies
For inhibiting PKC activity, Go¨6976 (Calbiochem, San Diego, CA, USA) was diluted to a concentration range of 26 nm-2.6 mm, and applied to cells 1 h prior to assays. Go¨6983 was diluted to a concentration range of 0.226 nm-22.6 mm and applied to cells 1 h prior to experiments. PI-3K inhibitor LY294002 (Calbiochem) was applied to cells at 10-50 mm and 2 h prior to assays. Wortmannin (Calbiochem) was used in the concentration range of 50-500 nm, and applied to cells for a duration of 30 min, immediately prior to experiments. For inhibiting NF-kB, Helenalin (1-10 mm) and SN-50 (50 mg/ml) (Biomol Research Labs Inc., Plymouth Meeting, PA, USA) were applied to cells 2 h prior to experiments. Additionally, SN-50 M (inactive, negative control compound; Biomol Research Labs Inc.) was used at 50 mg/ml to serve as the negative control in experiments involving SN-50. Cell migration assays in which inhibitors were not included (vehicle control) served as the negative control for those agents where inactive forms of the inhibitors were not available. In all migration assays involving inhibitor treatments (except Wortmannin, irreversible inhibitor of PI-3K), both the cell suspension and the chemotactic solution contained the inhibitor at the specified concentration during the 4hr duration of migration assays. For all migration experiments involving inhibitors, cell viability was monitored and confirmed at the end of the migration assays by dye exclusion (data not shown).
The blocking antibody for b1 integrin (clone 4B4; Beckman Coulter Inc., Miami, FL, USA) was used at 25 mg/ml, and applied to monolayer of cells 40 min prior to addition of CIV. Antibody was present at the indicated concentration during the assay.
Plasmid DNA expression constructs
Mammalian expression constructs that encode the constitutively active and dominant negative mutants of GTPases RacV14/N17, RhoV12/N17, and cdc42V14/N19 (pcDNA backbone) were generously provided by Dr MA Schwartz (The Scripps Research Institute, La Jolla, CA, USA). RasN17 was provided by Dr K Calame (Columbia University, New York, NY, USA). NF-kB-luciferase reporter construct and RasV12 were obtained from Dr A August (Penn State University, University Park, PA, USA). Expression construct for enhanced green fluorescent protein (EGFP) was purchased (pEGFP-N3; Clontech Inc., Palo Alto, CA, USA).
Cell transfections
A2058 cells were transiently transfected using Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA). A total of 25 mg of expression DNA construct encoding mutant GTPase or luciferase reporter was mixed with 5 mg of EGFP (Clontech Inc.) and transfected following the manufacturer's protocols. Transfection efficiency was monitored by EGFP expression 48 h post-transfection by fluorescence microscopy and flow cytometry. Viability was also confirmed by dye exclusion following 48 h post-transfection.
Western blots
Whole-cell extracts were prepared by resuspending 2 Â 10 7 cells in 250 ml of lysis buffer (10 mm Tris-HCl [pH 7.4], 150 mm NaCl, 1 mm EDTA [pH 8.0], 2 mm Na 3 VO 3 , 10mm NaF, 10 mm Na 4 P 2 O 7 , 1% NP-40, 1 mm PMSF, 2 ng/ml pepstatin A). Lysates were incubated on ice for 30 min followed by a centrifugation at 16 000g for 5 min at 41C. The pellet was discarded and the supernatant was mixed with 2 Â SDS running buffer (0.2% bromophenol blue, 4% SDS, 100 mm Tris [pH 6.8], 200 mm DTT, 20% glycerol) in 1 : 1 ratio. 30 ml was loaded onto a 10% SDS-PAGE gel and the protein was transferred to 0.2 mm nitrocellulose filter (Schleicher and Schuell, Keene, NH, USA) by electroblotting. Primary antibodies included anti-H-Ras (Rat monoclonal IgG; Zymed Labs Inc., South San Francisco, CA, USA), antiRac1 (Sigma Chemical Co.), anti-IkB-a (rabbit polyclonal IgG; Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-b-actin IgG1 (Sigma Chemical Co.), and anti-HA (Rat polyclonal IgG; Roche Diagnostics Co., Indianapolis, IN, USA). Secondary antibodies were peroxidase-conjugated goat anti-mouse IgG, goat anti-rabbit IgG, or goat anti-rat IgG. Proteins were detected using the Enhanced Chemiluminescence Detection System (Amersham Pharmacia Biotech, Arlington Heights, IL, USA). Filters were subsequently stripped and reprobed using the anti-b-actin or anti-HA antibody as described above.
Nuclear extract preparation and electromobility shift assays (EMSA)
Nuclear extracts from A2058 cells were prepared by lysing 2 Â 10 6 cells with 10% nonidet NP-40 in Buffer A (10 mm HEPES [pH 7.9], 10 mm KCl, 0.1 mm EDTA, 0.1 mm EGTA, 1 mm DTT, 0.5 mm PMSF). Lysates were pelleted at 16 000 r.p.m. for 30 s and resuspended in Buffer C (20 mm HEPES [pH 7.9], 0.4 M NaCl, 1 mm EDTA, 1 mm EGTA, 1 mm DTT, 1 mm PMSF). Nuclear extracts were recovered by centrifugation at 16 000 rpm for 5 min at 41C following a 15 min agitation of the suspension at 41C (Schreiber et al., 1989) . A total amount of 50 ng of annealed NF-kB binding site oligonucleotides (5 0 AGCTAAGGGACTTT-CCGCTGGGGACTTTCCAGG 3 0 and 5 0 AGCTCCTG-GAAAGTCCCCAGCGGAAAGTCCCTT 3 0 ) were end-filled with [a-32 P]dCTP using bacterial Klenow fragment (Promega, Madison, WI, USA). The DNA probe was used at a specific activity of 10 8 -10 9 cpm/mg and incubated with 5 mg nuclear extract in a reaction mixture containing 3 mg dI-dC (Amersham Pharmacia Biotech), 0.25 M HEPES [pH 7.5], 0.6 M KCl, 50 mm MgCl 2 , 1mm EDTA, 7.5 mm DTT, and 9% glycerol for 20 min at 251C. 50-fold excess of unlabeled NF-kB or irrelevant oligonucleotides (C/EBPb; 5 0 GATCGCCTAG-CATTTCATCACACGT 3 0 and 5 0 GATCACGTGTGTGAT-GAAATGCTAGGC 3 0 ) were used as specific and nonspecific competitors. A total of 0.5 mg of anti-p50 or anti-p65 (NF-kB), or anti-C/EBPb antibody (Santa Cruz Biotechnology) was added to the reaction mixture during the 20 min incubation to supershift complexes. The samples were run on a 6% polyacrylamide gel prepared in 0.5 Â TBE and visualized by autoradiography.
Luciferase assays
In all, 25 mg of NF-kB-LUC reporter construct was mixed with 5 mg of EGFP and transiently transfected into A2058 cells. Cells were harvested 48 h post transfection and prepared for cell migration assays as described. At the end of 4 h migration assays, cells associated with both upper and lower sides of the microporous filter were collected by scraping, lysed and assayed for luciferase activity using the Promega Reporter Assay System (Promega). The lysate concentration was adjusted and normalized by spectrophotometric measurements using the Bradford protein quantification kit (Sigma Chemical Co.) prior to measuring the luciferase activity.
RNA extraction and RT-PCR
Total RNA was prepared by resuspending cells in PBS at 1.5 Â 10 5 cells/ml and lysing with 4 m guanidinium thiocyanate, 25 mm sodium citrate [pH 7.0], 0.5% sarkosyl and 0.1 m b-mercaptoethanol followed by a phenol-chloroform extraction (Chomczynski and Sacchi, 1987) . The aqueous fractions containing RNA were treated with 10 U of DNase I for 20 min at 241C to remove any contaminating genomic DNA, and further purified with phenol-chloroform extraction. cDNA was prepared from 2 mg of RNA using murine leukemia virus reverse transcriptase and random primers. Samples which did not include the reverse transcriptase served as controls for genomic DNA contamination. To amplify the cDNA, a 30-cycle polymerase chain reaction of 941C for 1 min, 551C for 2 min, and 721C for 3 min was performed with 0.2 mg of cDNA using the target primers. Firefly luciferase cDNA was amplified using the primer pair 5 0 GGAGAGCAACTG-CATAAGGC 3 0 and 5' CATCGACTGAAATCCCTGGT3 0 . b1 integrin cDNA was amplified using the primer pair 5 0
CCGAACGCGAGGGTC3
0 and 5 0 CTCCCACCTGCGCTTG CCACCTGCGCTTG 3 0 . b-actin cDNA was amplified using the primer pair 5 0 CCTAAGGCCAACCGTGAAAAG 3 0 and 5 0 TCTTCATGGTGCTAGGAGCCA 3 0 .
